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IstThoDUCTION a4 
This is the first of a series of papers dealing with modern tunrel- -driving 
methods, compiled in accordance with an outline prepared by engineers of the 
United States Bureau of Mines and to be published in a eeries of ‘information 
circulars by ‘the bureau. This series will supplement a similar and earlier series 
of Berens as: with ee methods and costs. 
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aa GENERAL NOLES 
This report : covers..some of the practices in construction of 14 miles of 
the wachusett-Coldbrook Tunnel, for the purpose of diverting additional water into 
the Wachusett reservoir, from which the metropolitan aistrict of Boston receives 
its water supply. the construction period was long enough to permit the rate of 
construction to be at an economic.speed. he tunnel séction has a curved top, 
straight sides, and slightly curved invert. The shape and size are as shown in 
figures 1 and 2, and required the removal of 6.79 cubic yards per linear foot. The 
‘tunnel was driven from eight shafts, being about 200 feet below the hydraulic grade. 
_The deepest shaft was over 600 feet decp, The number of shafts was in excess of 
the economic requirement. Gradients were generally level, or nearly so, but there 
were sections where the grade was 3 feet per hunared. Ihe tunnel elevation was de- 
_ signed to be low enough to be in rocix at all points. Numerous drillings were made 
to determine roca surface and some arilling into the roc« was done. Figure 3 is a 
key plan and profile of the tunnel. 


l the Bureau of Mines will welcome reprinting of this paper, provided the follow- 
ing footnote acknowledgment is used: enepranuee from U. S. Bureau of Mines 
Information Circular 6399," a a 

2 One of the consulting engineers, U. S. sureau of Mines. 
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GEOLOGY 


The rock was for the most part sedimentary, with about 4 miles of granite. 
The sedimentary rock was fairly hard and required very little timbering. The 
bedding planes were horizontal and generally unbroxen. The breaking of the rock 
varied from good to hard bresking, depending upon whether cross slips were present 
or not. This rock drilled readily. Water seams carrying over 1,000 gallons per 
minute were cut occasionally. The granite was generally hard to drill and hard to 
break, except the small portions which had crossed cracks. The granite was 
generally dry, but some water seams carrying over 1,000 gallons per minute were 
cut. Generally the water from the seams, both in the sedimentary and granite rock, 
decreased in volume after being opened, and some of the seans almost dried up. 


About a mile of tunnel in the sedimentary rocx began to scale when exposed 
to the air. As an alternative to timbering this section, which would otherwise 
have been necessary, gunniting was tried and proved successful in holding this 
particular kind of ground and was much cheaper than timbering. © 


PREPARATION 


Camps were built of the present-day standard type. Electric-driven com- 
pressors in three units amounting to about 2,000 cubic feet per minute, total 
capacity were placed at each shaft. Electric hoists, high pressure blowers, power 
shovels, and storage-battery locomotives were used. 


METHOD OF PROCEDURE 


| General Method. - The tunnel driving was all done from shafts and usually 
the full face was excavated... One heading was drilled while the opposite one was 
being mucked, the drill crew employing a drill carriage to set up in a clean head- 
ing. Shifts worked eight hours. and.changed at their working face. Four hours was 
the general minimm time for a round, while the average was about 6% hours. When 
one end was. flooded or for any other reason could not be worked, the drill crew re- 
placed the mucking crew, doing the mucking after having blasted their round. 


Some headings were worked by the heading and bench method on two 10-hour 
shifts per day in each heading and employed air-operated shovels or hand-loading. 
Three 8-hour shifts with the full face method and using a drill carriage and load- 
ing with electric power shovel advanced more than four 10-hour shifts by the head- 
ing and bench method, however. | 


Drill Carriage.- Drill carriages were built on the job. When taken down 
they. could be side-tracxed out of the way of other equiprent. When moved to the 
face, staging on the carriage could be quickly extended to the width of the tunnel 
and 8 feet ahead to reach the face. This staging was supported entirely by ‘the 
carriage and formed a working platform for setting up and drilling from the upper 
cross bar. The lower cross bar was set up and operated from the tunnel floor. 


: The arill carriage provided space for storing staging when taken down, 
also for blocking and wedges, hand tools, oil, drill steel, regular and spare 
bars, and @rill machines. The carriage had a system of fixed air and water mani- 
folds to which short individual hose for connection to machines were permanently 


8470 Se 5 


[PuUrY YOOUGP]O> -yasnyseM ‘gUO\IDeS jouuny jeoidAy -| aunbiy 


gs  1— L— L— 1 1 DD nt 209] 


ous! 

Vv Vv v 
02 48 03 of 03 8 
(youuny jo yOoy stous; sod $043; UENd oy8m) xOsddy) 

BU0]3D9E pOUUN, 489;d4} SNO{ IEA 30) 80121) UEND pozeW; SO jO 0; qe! 
/¥ acy 


pawtinbas 58 ules] 


w-4 
P 
(yh -? ’ 
024° naa orem wees a ‘ Piped ~ 
ad. eee es Hias -! 7) 
PRO DAR ROR rig Bi % 
s 83 dy Me 
: 


e. mg 
aoe ha a 
18; 


aS 


JOUUNY YOOUGPIOD-YaSNydeM‘UOHOSS jauuny povoquiy jedidAy —‘> sunbiy 
piodans Kiesodua ‘Cg adh p/0dans AyeJlodwe, Cy aK 


i.g 
evoydo)> CUOLJO0 
PUR : Ses rc fonts 


plioddns suavewsed ‘2g adky 
Pe.inbes Se ules 


-~-B-<. #2 - —-* 
st 5 i ate = Le 


-<—-——_—- 
" — 
° ~» bel a fs 
. as -\'* Gee 


rs 


~ 


.o 8 +i - Ne mg? aa 
“W- seer ye eee eee ge 


“=@ 
a 
° 

’ 


(JQU0YOO) YI} (/euo1jdo) yf 


oY, ek. ¥ tip “>>. 
buibbey yo apis sapun 513K) Ree: ~sSs. ry buble, yo apis sapun STA eZ 
aa12U0) 10 ally jUalihed™ , ioe pesinbai se e4dl2U09 LO buy HaUney” Xie 


ye busbbey po apis seddh 51 SSS NES Oy 2 a 


burbbey yo auy taddn si SJ - SS “ 
bury2d hip s0f aul {Udihef AS Nerv eeies). ~~~ Te ts sais Sar sate 
(panes se punad)buryed Aig RN POR (pasinbad se pasnasl) buiyred kag s 
(bi14as2U09 atojag panoitiad JA Deut aes i eet LEK, padinbads se buiy2o/g rrr 
Ag of) $fnd4s Asesodiutay’ apna buiyred Ki /) Aje.todlile, 


Digitized by Google 


a] os 
8 8 puch wot ANY x 
Jali]? fOYfN0 JO 18JEM MO] O'O6E Ad/7 
O:G6E Aa 1afEMjOip 
wt 6+ 02 ES) [ON HEYS} 


AIA IY f2XOAAUING : 
PEO EY. 


“> Oo 
——_~ 


20 Eley. 250.00 Sine 


eS 
460 ~ Goes 
,a766,6.9’—-}++—— 990.86 


(00'00+ 08/ #1532 OY EUS «& 
4S LILLE, 


205 


: [18 € xe 
pea /jey 
(69:'99+H2ASIE WN {4EYS 


18 poy 
peo aor 
peg juekag, 


‘Llev. 38729 Slope 
_ 40.00060 
ofior7 


os0O | 
___ __ 498% 
! 
{ 
‘___-|. __ 9,33 


: ; 
LUT: on 
! 
qd oy. gg’ ——+}-——- /6. 92.94 


VkT. ‘ape 
*0.00 


sir teaaladh «£5209 — ‘ 
Pipe hin Re 
> 

yoary k 

& 


| myyoouweyy, EN 
Me LS 


Oy Uwe] UOSbid 
ye 


(64°25 + GID ELS) LW ASE4US 
Peoy, 


huntt of contract 
Ad, gaa ay 


b+ 0048.49 


. 3 N 
8 R 7 
(98 104024 &/5) BON {JES i a 
POOs EY, y 
vipa nat 
Pens [Ey 4 
: & SAA : WOM )S ~ = 


St2 750 


50 


100 


150 


x) 
Cc 
Cc 
= 
x 
8 
O 
BS, 
° 
a § 
W”) 
a 
< 
g 
= 
6 
3 2 
3 
a. 


600 


650 


700 
Note-£/evatons Boston city base 


Figure 3 


l a i 
i i 4 | t f ik i | lg 
| f yoy I; a Al ly 
| | yl hs PN SW jr 
Wo to Mig hs jf WW j 
| ill Weis 1 MN My I He 
| WPS Se rh oN SY I 
ae | Ls Ths jl MW A ol Cf! 
Si ol RS Tie «// \ AlN 3i/| 
i) a TW SSH! 
AW oil S / h sl os NIT 
sh Syl SNS St 7 Aan OS ee | 
Ste gil SHS SII MWS Ip! 
Sly 81 silts II its xf! WMT y! 
Tn | ee 0 S/N Th 
oye M7 ANUS 
| MW WMI 47 ai i! 8 
ele Wil AMEE Wo 
s 
Y 
‘0 Gy 
a | 8 
“ze 98 —-+} 0,2 & 


S 


Front Elevation 


8000 frock 


o — UYsualround 3?holes. Xholes omitted 
Numbers /D-2D ere ynarcare oelay exploder 


e — Minimum 3rholeround for 
numbers 


Figure? WACHUSETT-COLDBROOK tunne/ round 


I. C. 6399 


attached. Fifty-foot lengths of large water and air hose connected the pipe 
system on the drill carriage to the water and air mains back of the face. The 
large hose was also stored on the drill. carriage when it was moved back. It took 
15 to 25 minutes ‘to start drilling after the carriage arrived at the face. 


Drilling.~-A minimum of 31 holes per round, drilled by five machines, was 
used in good breaking ground, as shown in Figure 4 herewith. Generally, however, 
each of the machines on the upper bar drilled two additional holes. The side 
‘machines each drilled another reliever and rib hole,. changing the pointing of 
those shown so as to get equal spacing, including the extra hole. Jthe center . 
machine drilled aA éxtra pair of cut holes spaced equally. The two machines on the 
lower bar drilled no extra holesbut modified the pointing to conform to spacing 
for extra rib and reliever holes drilled by the. upper machines. The shift foreman 
Was responsible for the number and pointing of the drill holes. 


Rounds with "baby cuts" or "«xickers'' and diamond cuts with the cut ‘looking 
up from the lower bar to meet the cut under the upper bar were experimented with 
and abandoned. It appeared that the advantage of a better break was outweighed by 
the mucking delay and pipe damage from fly-rocks. | 


Blasting.— Blowing out and loading top holes was done before taxing down 
staging, and the lights were taken: back from the face before loading started. Ex- 
plosive used was 40 per cent low-freezing gelatin dynamite and occasionally 60 per 
cent in sticks 1g by 12 inch sticks. One. stici was put in each hole before the 
primer, and five to seven boxes was the usual charge. The usual break was 7 feet. 
New-type Atlas electric delay with No.: 8. cap was used and was entirely satisfactory 
eliminating misfires, delayed holes, burnt. holes, and out-of-sequence firing. 
Hook-up was in parallel and the firing line carried 440 volts. Disconnection of 
firing line to be plugged in when ready to fire was the practice after the current 
passed two open firing boxes during a severe thunderstorm. 

gi Ogee se og 


Mucking.- Most of the mucking was done by electric power shovels. One 
shovel was supplied for each heading and one spare shovel and turntable were pro- 
vided for each pair of headings. MThree-yard, box-body, side-dump cars were used 
which were handled by storage-battery locomotives. The locomotives pulled the 
empty cars to the face where an overhead air hoist car transfer was used without 
any track switch near the face. The locomotive left the empty cars near the car 
hoist and -coupled to the load behind the shovel, bacxing up with this load beyond 
the car hoist where one of the empties just brought in has been pushed up by hand, 
raised by air hoist, and pushed over against the rib so as to clear the locomotive 
and load coming out. When the locomotive passed the air hoist the suspended empty 
was set on the track and pushed up to the shovel ahead of the car previously 
loaded. Figure 5 shows the arrangement for passing cars. 


Loading out a 7-foot round required from three to seven hours, depending 
largely upon the amount of water at the. heading, and whether reblasting is requir, 
etc. «an experienced miner was ‘with the mucking crew to do any necessary reblast- 
ing and to ‘do ‘the scaling. The shovel operator and scaler spotted the line and 
grade at the face from lights hung from engineers measurements and from this point 
layed off and painted the standard section on the face as a guide for the drill 
shift to follow. 
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. Shafts.-.The round shaft on the center line of the tunnel which seems to 
be the universal type of shaft in the east, was used. this type of shaft is more 
expensive to construct and to operate and has less capacity for tunneling opera- 
tions than the rectangular offset shaft used on western construction. The round 
shaft is necessary where water is received into or swoplied from the tunnel under 
high pressure. | 


Drainage.- Cantrifugal pumps were used to pump water up the shaft froma 
sump near the foot of the shaft. At the start of operations, piston pumps were 
used in the headings. . However, the unexpected volume of water cut was sometimes 
over 1,000 gallons per minute, so that the installation of sumps and centrifugal 
pumps for the heading water became necessary. Water was the cause of great expense 
and delay and at times flooded the down hill or "dip" headings and threatened the 
loss of shafts 2, 2, and 4 by flooding. 


Ventilation.— Ventilation was by exhausting only, by means of Root blowers 
driven by 60-hp. motors through 14-inch wooden pipe hung along the rib. The wooden 
pipe stands more hard service than metal pipe and the joints are tight even when 
not laid straight. 


_Labor.~ The drilling crew consisted of a shift boss, five machine men, five 
helpers, one trimmer, and one nipper. The mucking crew consisted of shovel opera- 
tor, scaler, cable tender, mucxer, two air hoistmen at car transfer, two locomotive 
runners, and an oller overhauling the idle shovel. there were one to three pumpmer 
per shift. The hoisting crew consisted of two bottom-cage men, two topmen, one 
locomotive runner for the dump train, one dumpman, hoisting engineer, and oiler. 
The above for each of three shifts. 


The indirect labor was about as follows: Superintendent, assistant 
superintendent, master mechanic, two mechanic's helpers, electrician, electrician's 
helper, timexeeper, powderman, labor foreman, and four or five laborers, and two 
steel sharpeners with two helpers. To this may be added an average of one truck 
driver and two laborers freighting supplies. 


, Progress.-— The normal progress was four 7-foot rounds one day and five 
rounds the next day. The monthly rate often exceeded 900 feet. The minimum time 
for drilling and blasting a round was under four hours and the minimum time for 
mucking a round was under three hours. The mucking crew was delayed about 30 
minutes of each round by having to wait for the gas to clear from the heading, and 
sometimes an additional delay was occasioned for reblasting. The drill crew had no 
delay for ventilation. Water caused greater delay to the mucking than to the ~ 
drilling. 


Costs.- Costs were made high by two natural causes - hard-breaking rock 
end abnormal flow of water. But the fact that the design of the shafts is expen- 
sive and the number is in excess of the economic requirement, together with the 
expense of compliance with arbitrary requirements imposed by political and labor 
union officials, has’ added about 40 per cent to the cost of like work free from 
these disadvantages. : | 
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Concreting.- The-entire tunnel is to be concrete linea. wuantity of 
concrete ig about 2 cubic yards per linear foot. sunnel rock is being crushed for 
both stone and sand ageregate. she material is taxen into thé tunnel dry, then is 
mixed and dumped dire¢tly into a‘concrete gun. the conerete plant was designea by 
w. F. webb, and is believed - to bé e aistinct advance in ona dibs dare progressing 
art. 7 


| “average cost ‘per linear foot of tunnel excavation from’ 
_ typical shafts as figured prior to final cost adjustments 


Flant, camp, etc. ........ $15.64 ple.c5 «+ | . $10.18 


Overhead. 6 ein denes Sasa es : 4,00, 3.01 3.05 

rower ........ coated | (eS: 2 Ate . 4.86 -'- Pe es 6.18 

Material and supplies : / 19.72 . J 16.42 ' «. 19.00 

LADOT sie aicseessas eee ee 32.71 30.34 34.85 
Total ie a ne 76 (80. tal ik BO BOs Sel 

1 Shaft A - Granite: rocx, very wet. _ a | | 

© Shaft B - Sedimentary rock, very dry. — 

S Shaft C - Sedimentary. rocs, eunee ‘8, _ except very wet. 


The rough conclusion - be drawn from ose: and other gate concerning the 
‘cost per linear foot of a 6. 79 cubic yara bunnies in eo nee menuary roc.c is as 
follows: . we a 


Plant, overhead, etC. wesc cscvceeee itnetee, “plo. 00 
Operating cost, of excavation ......-eseee- 40. 00 
Additional very wet heading ..... or ee ‘ 7.00 
Additional dry granite rocz ....... ene eae 3.50 

Additional for shaft operation, over ‘adit 
OF POFtal 2... ccccevvccversvrsverscrevece ; 11.00 
DGGE: 6:c:toaice wwe shee ore ere wae wi $76.50 
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Final costs per foot of Wachuse tts—Cc Goldbroog idbroos tunnels 


Feet. - Labor 


No. 2 shaft tunnels 
12,276 $22.60 


No. 4 shaft tunnels . 


10,576 32.95 


No. 5 shaft tunnel 
10, 778 | 30.50 


No. 6 shaft tunnel 
8,157 [4 40.75 | 


No. 7 shaft tunnel 
8,029 | 33.95 


No, 8 shaft tunnels 
8,810 35.20 


Total 
58,626 
Average 
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